1
3 4 products and plasmids were purified using Monarch DNA Gel Extraction Kit (NEB) and MiniBEST 1 3 5
Plasmid Purification Kit (Takara), respectively. All plasmids and primers used in the study are listed in 1 3 6
Tables S1 and S2. 1 3 7 1 3 8
CRISPRi-based amb0994 suppression Plasmid pCRISPRi-sgRNAluxA carrying dCas9, driven by the 1 3 9
aTc-inducible TetR promoter, Kan R was constructed as previous description [43] . In M. magneticum 1 4 0 AMB-1, the TetR promoter was placed with the tac strong promoter under the control of an 1 4 1 isopropyl-beta-D-thiogalactopyranoside (IPTG). The sgRNA is a 102-nt-long chimeric noncoding RNA, 1 4 2 consisting of a 20-nt target-specific complementary region, a 42-nt dCas9-binding RNA structure, and 1 4 3 a 40-nt transcription terminator derived from S. pyogenes. We designed amb0994 as an sgRNA to the 1 4 4 nontemplate (NT) DNA strand of the protein-coding region that blocks transcription elongation. By 1 4 5
using software packages sgRNAcas9 and NCBI blast, we designed CRISPR sgRNA and potential 1 4 6 off-target cleavage sites were evaluated [44] . The gRNA sequences were as follows: amb0994: 1 4 7 5′-GTAATATCGACCATGATTGG-3′. The sgRNA was changed using the primers sgRNA-0994-F and 1 4 8
sgRNA-0994-R. The method was formulated by Larson [15] . We successfully constructed plasmid 1 4 9
pCRISPRi-sgRNAamb0994 and control plasmid pCRISPRi-no sgRNA. All constructions were 1 5 0 checked by PCR, digestion, and sequencing. Conjugation experiments both HR and CRISPR were performed as described previously with slight 1 7 8 modification of the culture condition [7, 37] . WM3064 cells carrying each plasmid were growed at 1 7 9 37 °C in LB medium, until OD600 reached 0.5. 500 μ L of WM3064 culture was washed twice in LB M. magneticum AMB-1 colonies were transferred into 1.5-mL microcentrifuge tubes containing 1.5 1 9 5 mL EMSGM with 10 μ g/mL kanamycin (For plasmid-bearing strains). A 1:10 dilution of M. 1 9 6 magneticum AMB-1 cells in 1.5 mL of each culture was inoculated into 15 mL of EMSG media with 1 9 7 kanamycin. Cultures were sampled at the same growth stage and were run in technical replicates.
9 8
Cultures were grown in approximately 2% O 2 for 1 day; after incubation for 24 h, 0.5 mM IPTG was 1 9 9
added into half of the cultures to induce expression of the genes encoded by the plasmids and incubated 2 0 0 at 30 °C for the next 24 h. Finally, cells were harvested by centrifugation at 10,000 rpm for 8 min at 2 0 1 low temperature of 4 °C for Western blotting analysis.
2 0 2 2 0 3
The procedure for Western blotting was based on a general protocol as previously described [47] .
0 4
Pelleted cells were resuspended in 20 mM Tris-HCl buffer (pH 7.4) and 5× protein-dyed buffer. All 2 0 5 samples contained roughly equal amounts of cell by measuring cell density by spectrophotometer.
0 6
Cells were heated at 100 °C for 10 min and loaded onto a 7.5% polyacrylamide gel, which was first run A total of 50 mL of each culture was centrifuged (8000×g, 10 min, 4 °C) and cell pellets were 2 2 5 resuspended by vortexing in 1 mL of a mix of RNA protect solution and fresh culture medium (2:1).
6
After 5 min incubation at room temperature, the cells were pelleted at maximum speed and flash frozen 2 2 7 in liquid nitrogen for storage at −80 °C. Total RNA was extracted from cellular pellets with the 2 2 8
RNAeasy Plus Minikit (Qiagen), which was quantified by spectrophotometry (NanoPhotometer). M. magneticum AMB-1 motility behavior was analyzed using a microscope equipped with 2 5 0 custom-made electromagnetic coils [51] . Cells were subjected to a magnetic torque that reversed the 2 5 1 direction of movement, resulting in an approximate U-trajectory after following field reversals, defined 2 5 2
as "U turn" [52] . Swimming velocities, diameters, and times of "U turn" were determined using the
where P is the magnetic moment of one M. magneticum AMB-1, B is the applied magnetic field, and α 2 7 1 is the angle between the direction of the magnetic field and the magnetic dipole moment. For M.
2 7 2 magneticum AMB-1, the direction of magnetic dipole moment was the same as the major axis of the Other variables were defined as the following: 
where k is the Boltzmann's constant (1.38×10 −23 ), T is the absolute temperature (K), and t is time. constructed plasmids were introduced into M. magneticum AMB-1 by conjugation as described in the 3 1 5
"Materials and Methods" section. Western blot was performed to check the specific dCas9 expression.
1 6
As shown in Figure 1a , anti-dCas antibodies specifically identified the 160 kDa polypeptide with the 3 1 7 anticipated molecular weight for dCas9 protein in E. coli TOP10 and M. magneticum AMB-1 cells with 3 1 8
CRISPRi plasmid, as well as the control strains (Plasmid without sgRNA). Further RT-PCR analysis 3 1 9
showed that the dCas9 expression was significantly increased with IPTG induction in these two strains 3 2 0 ( Fig. 1b) . Thus, IPTG was used in all experiments.
3 2 1 3 2 2
We analyzed the consequence of dCas9 production on the levels of transcription of the amb0994 gene 3 2 3 ( Fig. 1c) . The expression of a plasmid-borne dCas9 induced by IPTG in cells expressing gRNAs 3 2 4 targeted at the NT strand of the amb0994 gene resulted in amb0994 repression. The relative levels of 3 2 5 mRNA of amb0994 were strongly reduced by nearly 93% (P<0.001) versus the control strain, which 3 2 6 expressed dCas9 but lacked sgRNA. Therefore, the CRISPRi-dCas9 system was used to efficiently 3 2 7
knockdown the amb0994 expression. CRISPRi-dCas9 is an efficient approach for studying gene functions and for engineering genetic 3 3 1 regulatory systems from sequence-specific control of gene expression on a genome-wide scale.
2
However, off-target effects caused by CRISPRi technology might perturb gene expression at off-target 3 3 3 sites. To further verify the function of Amb0994, we construct neat amb0994 deletion mutant. observed when wild-type genomic DNA was used as the template. The result showed that the 3 4 9
gentamycin resistance cassette has replaced the fragment that needs to be deleted. Similarly, the 3 5 0 sequences of the deleted region were amplified by PCR with primers 1 and 2. The result showed a 1.0 3 5 1 kb band from the wild-type genomic DNA, but not from genomic DNA of the strains in which the 3 5 2 amb0994 were deleted (Fig. 2d ). The PCR fragment was sequenced with internal primers to determine 3 5 3 if the intended deletion was introduced. In the meantime, we designed a suicide plasmid of 3 5 4 pUXsuc0994 for deletion through traditional HR as described in the "Materials and Methods" section.
5 5
A total of 1 out of 101 randomly selected colonies confirmed the deletion of amb0994. The results 3 5 6
showed that only 1% selected colonies were correctly edited for homologous double-crossover (Data 3 5 7 not shown). We successfully use CRISPR-Cas9 system and HR methods to knockout the gene 3 5 8 amb0994 in M. magneticum AMB-1. Importantly, CRISPR system is approximately 60-fold more 3 5 9 efficient than HR in construction of amb0994 deletion mutants. was not lost ( Fig. 2e) . Taken together, all these results showed that the advantage of using In Figure 3a , amb0994 suppression or deletion did not affect the value of Cmag versus the control. We 3 8 1 analyzed the size, shape factor, and number of magnetosomes in M. magneticum AMB-1 cells 3 8 2 according to TEM observations. Result showed that the sizes of the magnetosome were 40.08 ± 11.45 To verify the role of Amb0994, we analyzed the motility behavior of M. magneticum AMB-1 in a 3 9 5 laboratory magnetic field by an optical microscope. Studies have shown that the motion trajectory of 3 9 6
MTB is normally a "U turn" when a reversal magnetic field is applied. The swimming velocities, 3 9 7 diameters, and times of "U turn" following field reversals were measured as described in the "Materials 3 9 8
and Methods" section. After 48 h of culture, the cells were placed in microchambers or glasses with a 3 9 9
uniform magnetic field applied. 4 0 0 4 0 1
Magnetic field strengths (0, 0.5, 1, and 1.5 mT) had no apparent effects on the velocities of 4 0 2
KDamb0994 cells and control strains, whereas the average swimming velocities of KDamb0994 were 4 0 3 significantly higher than those of the control (P<0.05) (Fig. 4a ). More importantly, the diameters of "U 4 0 4
turn" in the cells of KDamb0994 under 1 mT magnetic field were smaller, and the times of "U turn" in 4 0 5
KDamb0994 were shorter compared with those of the control (Figs. 4b and 4c , P<0.05, Movies S1 and 4 0 6 S2). These results indicated that the knockdown mutant reacted faster and spent less time to achieve the 4 0 7 "U turn" in response to magnetic field reversal. 4 0 8 4 0 9
To corroborate the involvement of Amb0994 in response to magnetic field changes, we analyzed 4 1 0 motility behavior of the neat Δ amb0994 deletion mutant, the corresponding complementation of 4 1 1
Comamb0994, and WT strains. Average swimming velocities of CRISPR-mediated Δ amb0994 were 4 1 2 significantly faster than those of the complemented strain and wild-type control (P<0.05) (Fig. 4d ). In results showed that the "U turn" of CRISPR-mediated knockout mutant was faster than that of 4 1 6
wild-type cells. The same results were obtained with traditional deletion mutant. The behavior 4 1 7
observation, together with CRISPR-mediated knockdown or knockout mutants, consistently implied 4 1 8
that Amb0994 is involved in cellular responses to magnetic torque changes via controlling flagella. . To research the magnetotactic behavior mechanism, we analyzed the alpha angle 4 2 5 trajectory in "U turn" in KDamb0994 and control (no sgRNA). Our experiments showed that the 4 2 6
KDamb0994 slop (gray line) was significantly sharper and the time was significantly shorter compared 4 2 7
with that (black line) of the control (P<0.05) (Fig. 5 ). This result was consistent with "U turn" data and 4 2 8
showed a smaller diameter and less time spent by knockdown amb0994 strain. tools is still too low to enable full exploration and exploitation of this special group of organisms.
5 9
Hence, this is useful to apply the CRISPR-Cas9 system in MTB to improve the efficiency of genome 4 6 0 editing.
6 1
As all we known, a well-conserved MAI of MTB is essential for magnetosome formation, thereby limited. amb0994 is the gene that is likely to be involved in magnetotactic behaviors, but there is still 4 6 7 no direct evidence and even a lack of single amb0994 mutant to confirm its function. In this study, we 4 6 8
first used the CRISPRi technology to specifically repress amb0994 transcription in attempts to 4 6 9 understand its function. We successfully co-expressed dCas9 and sgRNA in M. magneticum AMB-1 4 7 0 cells and suppressed amb0994 expression up to 93% (Fig. 1) . As the results showed that the dCas9 4 7 1
expression was significantly increased with IPTG induction in these two strains, but dCas9 expression we generated a deletion of amb0994 and its complementation strain to analyze its phenotype in detail.
7 8
By rationally designing sgRNA, we increased the rate of genome editing and shortened the time for 
